Abstract-Chromium exists in sediments in two oxidation states: Cr(III), which is relatively insoluble and nontoxic, and Cr(VI), which is much more soluble and toxic. Chromium(VI) is thermodynamically unstable in anoxic sediments, and acid-volatile sulfide (AVS) is formed only in anoxic sediments; therefore sediments with measurable AVS concentrations should not contain toxic Cr(VI). If this hypothesis holds true, measuring AVS could form the basis for a theoretically based guideline for Cr in sediments. Ten-day water-only and spiked sediment toxicity tests with the amphipod Ampelisca abdita were performed with Cr(VI) and Cr(III), along with sediments collected from a site contaminated with high concentrations of Cr. In sediments where AVS exceeded analytical detection limits, Cr concentrations in interstitial water were very low (Ͻ100 g/L) and no significant toxicity to A. abdita was observed. In sediments in which AVS was not significantly greater than zero, Cr concentrations in interstitial waters increased significantly, with greater than 90% of the Cr present as Cr(VI), and mortality of A. abdita was elevated. These results demonstrate that measurements of AVS and interstitial water chromium can be useful in predicting the absence of acute effects from Cr contamination in sediments.
INTRODUCTION
Metals are among the most ubiquitous and routinely measured of all sediment contaminants [1] , and metal concentrations frequently correlate well with sediment toxicity [2] . Among the metals frequently measured, Cr is often found in contaminated sediments [3] . Elevated Cr concentrations in sediments are usually associated with tanneries, smelters, and plating facilities. However, without a good understanding of the adverse biological effects of Cr in sediments, it is difficult to know what constitutes a meaningful elevated concentration of Cr.
Although there have been several studies on the bioaccumulation of Cr from laboratory-spiked sediments [4] [5] [6] , there are no published studies on biological effects of Cr in laboratory-spiked sediments other than uptake of Cr. There are also very few reports on effects of Cr in field sediments. Leslie et al. [7] found that a tributary below a Cr salt processing plant was incapable of supporting benthic macrofauna, presumably because of Cr leaching from stockpiles along the banks of the tributary, but concluded that much of the Cr might be coming from the water, rather than the sediment. In another study of sediments associated with a tannery, some toxicity was observed in 10-d static toxicity tests with several sediments with Cr in excess of 4,000 g/g; the same sediments, however, exhibited no toxicity in 28-d flow-through tests, suggesting that the observed toxicity was related to test conditions and not sediment Cr [8] . Several other studies have found elevated Cr concentrations in the tissues of benthos from sediments contaminated with high levels of Cr from mining activities [9] or tannery wastes [10] , but these tissue concentrations were not linked to biological effects.
Part of the difficulty in understanding the biological effects of Cr in sediment is that Cr exists in sediments in two oxidation * To whom correspondence may be addressed (berry.walter@epa.gov).
states, Cr(III) and Cr(VI), each with very different geochemical properties and toxicological effects. Chromium(VI) is highly oxidized and unstable in reducing and even moderately oxidizing environments [11, 12] . Chromium(VI) is also very soluble and highly toxic, whereas Cr(III) has very low solubility at environmentally relevant pH [11, 13] and is generally thought to have relatively low toxicity [4, 14] . For example, Leslie et al. [7] assumed that effects they saw due to Cr must have been caused by Cr(VI); however, they did not measure the Cr speciation.
Currently there are no theoretically derived sediment quality guidelines for Cr analogous to those for the cationic metals cadmium, copper, lead, nickel, silver, and zinc. The theoretically derived guidelines for cationic metals are based on equilibrium partitioning (EqP) theory. The EqP approach is based on two elements, the strong correlation between toxic effects of contaminants and concentrations in interstitial waters (IWs) and control of concentrations in IWs by partitioning between the dissolved phase and one or more solid-phase components [15] . In experiments with laboratory and field sediments used to support theoretically derived guidelines for the cationic metals Ag, Cd, Cu, Ni, Pb, and Zn, acid-volatile sulfide (AVS) has been shown to be a useful predictor of toxic effects in both fresh and salt water environments [16] [17] [18] . In these experiments, when concentrations of AVS in sediments exceeded those of metals simultaneously extracted in the AVS procedure (i.e., simultaneously extracted metals [SEM] ), no adverse biological effects due to metals were found. The lack of effects is attributed to the very low solubility of the metal sulfides, which limit concentrations of metals in IWs. When SEM exceeded AVS, effects occurred in some sediments if the amounts of other binding phases, such as organic carbon, were insufficient to bind the excess metals.
Determining the relationship between AVS and Cr in sediments would extend the utility of AVS measurements as a part of sediment assessments. Chromium should not neces- sarily be included among the SEM metals because its interaction with AVS is not formation of an insoluble sulfide, but rather oxidation of sulfide and concomitant reduction of chromium. However, the geochemical relationship between AVS and Cr and the toxicological differences between oxidation states of Cr might be used to develop a theoretically derived guideline through what we call the Cr hypothesis. The hypothesis is based on the concepts that Cr(III) is much less soluble and toxic than Cr(VI); Cr(VI) is not stable in reducing environments such as anoxic sediments in which AVS is formed, and thus in a sediment where AVS is present, Cr will exist solely as Cr(III), and therefore the IW should contain little Cr and the sediment should not be toxic as the result of Cr.
In this study, we performed a series of 10-d water-only and laboratory-spiked sediment toxicity tests with both Cr(III) and Cr(VI) using the estuarine amphipod Ampelisca abdita. In addition, we performed sediment toxicity tests with sediments from a field site heavily contaminated with Cr. The purpose of these experiments was to test whether the Cr hypothesis holds for marine sediments. Our results were consistent with the predictions of the Cr hypothesis: Cr was not detected in IWs of sediments where AVS was significantly greater than zero, and those sediments were not toxic to amphipods.
MATERIALS AND METHODS

Organism and sediment collection
Ampelisca abdita were collected following the methods described in Berry et al. [19] . Ampelisca abdita is an estuarine, tube-building, infaunal amphipod commonly used in sediment toxicity testing [20] .
Spiked sediment tests were conducted using two sediments with differing characteristics. Muddy surficial (upper 5-10 cm) sediment was collected from Long Island Sound ([LIS]; Connecticut, USA) with a Young-modified Van Veen grab sampler (Ted Young, Sandwich, MA, USA). Upon return to the laboratory, the sediment was press-sieved wet through a 2-mm mesh stainless steel screen, homogenized, and stored in the dark at 4ЊC. A second sandy surficial sediment was collected from a coastal salt pond, Ninigret Pond ([NIN] ; Charlestown, RI, USA), with a shovel. The NIN sediment was returned to the laboratory, sieved wet through a 2-mm stainless steel screen, rinsed several times to remove high-organic matter fine particles, homogenized, and stored in the dark at 4ЊC. Characteristics of these sediments are listed in Table 1 .
Field sediments were collected from Shipyard Creek, a tidal creek adjacent to a former ferrichromium alloy production facility in Charleston (SC, USA) [21] . Sampling locations were partitioned into zones along anticipated Cr concentration gradients. Five surface samples were collected with a Ponar grab sampler along transects within each zone, composited, and homogenized in a stainless steel bowl. Composite samples were also taken and prepared from each of two reference locations near Shipyard Creek (Rathall Creek and Fosters Creek). Samples were transferred to glass jars and initially held on ice and then refrigerated in the dark at 4ЊC until they were shipped overnight on ice. Upon arrival at the laboratory, they were stored at 4ЊC in the dark and held until use.
Water-only tests
Ten-day static tests were conducted with A. abdita to determine concentrations of both Cr(III) and Cr(VI) in sandfiltered Narragansett Bay (Rhode Island, USA) seawater resulting in 50% mortality (10-d water-only LC50s) following the methods described in Berry et al. [19] . Unfed amphipods were exposed to six concentrations of Cr(VI), added in the form of potassium dichromate (Fisher certified American Chemical Society Reagent; Fisher Scientific, Fair Lawn, NJ, USA), and a control, with 10 amphipods per replicate and two replicates per concentration. Two tests were conducted using Cr(III). In the first test, amphipods were exposed to five concentrations of Cr(III), added as Cr(III) chloride hexahydrate (Aldrich Chemical, Milwaukee, WI, USA), and a control. Addition of the Cr(III) stock solutions lowered the pH of the seawater, so pH was subsequently adjusted to 8.0 Ϯ 0.1 with 10 M NaOH solution prior to the addition of amphipods. When pH was adjusted, a precipitate of Cr(OH) 3 formed and was allowed to settle to the bottom of the exposure chambers. Although precipitation of Cr(III) was expected, the test was run to allow for the possibility of exposure due to the solid phase. To assess the influence of the precipitate on the toxicity test results, two additional replicates of the highest concentration were prepared and filtered through a glass fiber filter (Gelman Type AE, Ann Arbor, MI, USA) prior to initiation of the test. Due to the suggestion of a dose-response relationship and relatively high mortality (25%) in the control treatment of the Cr(III) test, a second water-only toxicity test was conducted in conjunction with field sediment tests. This test consisted of one control and one treatment equivalent to the highest concentration in the previous tests. In all tests, water samples were collected for chemical analysis at least twice during the test, once near the beginning and once near the end of the test.
Water temperature in the bath was monitored continuously during the water-only tests. Spiked sediment tests Sediment spiking and equilibration. Sediments were spiked with solutions of Cr salts as described in Berry et al. [19] . Chromium(VI) was added to the LIS and NIN sediments with nominal Cr:AVS molar ratios of 0.22, 0.46, 1.0, 2.2, 4.6, and 10, plus controls. The range of concentrations was chosen to ensure the presence of excess Cr(VI) in the highest treatments. The Cr(VI) spiking solution was prepared by dissolving potassium dichromate into 18 megohm deionized water while maintaining the pH at 8.1 Ϯ 0.2 with 10 M NaOH. An appropriate volume of spiking solution was added to each jar of sediment, which was stirred for 1 min with a Teflon paddle, then purged with nitrogen, capped, rolled for 60 min, and held in the dark at 4ЊC for 10 to 11 d. Preliminary experiments had shown that equilibration of the sediments with Cr(VI) was complete within 1 d.
Long Island Sound sediment was also spiked with Cr(III) to exceed the highest concentration of Cr(VI) added. A solution of Cr(III) chloride hexahydrate was prepared in deionized water, then diluted to 600 ml with clean seawater and the pH neutralized with 10 M sodium hydroxide solution. The slurry of seawater and precipitate was added to 1 L of wet LIS sediment, stirred to homogenize, and allowed to settle. The precipitate increased the volume of the sediment by roughly 50%. We were required to add Cr(III) in the precipitated form because preliminary experiments had shown that the low pH of the Cr(III) stock solution would result in toxicity unrelated to the Cr content or form. Concentrations of AVS in the Cr(III)-spiked LIS sediment increased only slightly in the first three weeks after spiking and remained essentially constant for the subsequent two months.
Sediment toxicity test method. Exposure and sampling methods for sediment, IW, and overlying water followed those used in Berry et al. [19] . Amphipods were exposed to control and metal-spiked sediments in 10-d tests with continuous renewal (one turnover/h) of sand-filtered Narragansett Bay seawater. For both LIS and NIN sediments spiked with Cr(VI), there were six treatments plus a control. Four replicates were prepared for each treatment: Two replicates were used to assess mortality, whereas the other two replicates were used for chemical analyses of AVS and metals in the sediments at test initiation and termination. Diffusion samplers [19] for analysis of IWs were placed in each biological replicate and one chemical replicate when the sediments were added to the test chambers. After 24 h for equilibration, 20 amphipods were added to each of the biological replicates at the start of the test. Day 0 chemistry replicates did not receive amphipods or diffusion samplers.
Tests with Cr(III)-spiked sediments were conducted similarly, except only one sediment was used (LIS) with only one test concentration and a control. Likewise, amphipod tests were conducted in the same manner using the field sediments collected from the Shipyard Creek and reference sites.
Water temperature, salinity, dissolved oxygen, and pH were measured in overlying waters as in the water-only tests. Because of concern that the addition of Cr(VI) to sediment might cause changes in the pH of the IW that might contribute to toxicity, the pH of the sediments in the Cr(VI) spiking experiments was measured by inserting an Orion 8163BN Ross combination electrode (Beverly, MA, USA) approximately 1 cm into the sediment. The pH increased with treatment level from controls to the highest concentrations in all tests. On day 1, pH in NIN sediments spiked with Cr(VI) ranged from 7.3 in the control to 8.2 in the sediment with the highest concentration. In LIS sediments spiked with Cr(VI), pH ranged from 7.6 in the control to 8.7 in the sediment with the highest concentration on day 0 and 7.3 to 8.6 on day 9. This trend in pH was consistent with the reaction of chromate with sulfide, which consumes protons, raising the pH.
Overlying water samples were collected for chemical analysis twice during each test, once near the beginning and once near the end of the test. Interstitial waters samples were taken from the diffusion samplers on day 10. Bulk sediment samples were taken from chemical replicates on days 0 and 10. The contents of each biological replicate were sieved through a 0.5-mm screen. Amphipods were counted and any missing animals were assumed to have died and decomposed.
Chemical analyses
Water analysis. Seawater from water-only exposures and IWs and overlying seawater from sediment tests were analyzed for total and dissolved Cr and Cr(VI). Samples analyzed for total metals were acidified with concentrated nitric acid (J.T. Baker Instra-analyzed grade, Phillipsburg, NJ, USA; 10% by volume, v/v). Prior to acidification, aliquots of the water samples to be analyzed for dissolved metals were filtered through a 0.4-m polycarbonate membrane and then acidified with concentrated nitric acid (1% v/v). Chromium(VI) was determined in subsamples of the dissolved sample using a modified Fe(OH) 3 coprecipitation technique [22] to remove Cr(III) species, thereby leaving Cr(VI) remaining. Analysis of the various fractions was conducted by graphite furnace atomic absorption (GFAA) spectrophotometry using a Perkin-Elmer SIMAA 6000 atomic absorption spectrometer (Boston, MA, USA); detection limits for chromium were approximately 1 g/L.
Sediment analysis. Sediment samples were analyzed for AVS by a purge-and-trap method with sulfide-specific electrode detection [18, [23] [24] [25] . Analysis of SEM in sediment extracts was performed by inductively coupled plasma atomic emission (ICP-AES) spectrometry using an ARL 3410 ICP atomic emission spectrometer (Dearborn, MI, USA) and GFAA spectrophotometry (see above). Concentrations of all metals in sediments exceeded analytical detection limits. The SEM concentrations reported are the sum of concentrations of copper, zinc, lead, nickel, and cadmium expressed on a molar basis. As with the water samples, Cr(VI) was determined in the SEM extracts by using the modified Fe(OH) 3 coprecipitation technique to remove Cr(III) [4] and analyzing Cr by ICP-AES or GFAA. Total Cr also was measured in sediment samples from the initiation of laboratory-spiked LIS sediment experiments; due to loss of sediment samples from the start of the NIN sediment experiments, however, total Cr was measured in sediments collected at completion of that experiment, rather than initiation. Samples were digested by microwave heating in pressurized, Teflon-lined vessels with a mixture of Environ. Toxicol. Chem. 23, 2004 W.J. Berry et al. The accuracy of ICP-AES and GFAA analyses was assessed by use of calibration verification standards obtained independently from the standards used for calibration (Leeman Labs, Hudson, NH, USA). Deviations from certificate values ranged within Ϯ17% for ICP-AES analyses; analytical errors were somewhat higher (3% to as much as 44%) with GFAA analyses where concentrations were much lower and the salt matrix effects were greater. Analyses were quite reproducible; replicate analyses showed less than 3% relative percent difference. Recoveries of standard additions to sample solutions, used to assess matrix effects, were also good, ranging from 81 to 111%.
Data handling
Ten-day LC50 values for the water-only tests were calculated by the trimmed Spearman-Karber method [26] . Detection limits were calculated for all chemical analyses based on instrument detection limits and sample size. In those instances where a mean concentration is a summation of measured data and data below the limit of detection, one-half the detection limit was used for those values below the limit of detection.
For illustrative purposes, sediments that caused greater than 24% mortality were classified as toxic. Mearns et al. [27] found that sediments that caused less than 24% mortality in tests with the amphipod Rhepoxynius abronius were not consistently classified as toxic. This criterion is similar to the 80% of control survival criterion used in the U.S. Environmental Protection Agency Environmental Monitoring and Assessment Program for sediment tests with A. abdita [28] .
Many of the IW concentrations in this paper are expressed as toxic units. A toxic unit is the measured IW or overlying water concentration divided by the water-only LC50 concentration for that particular toxicant and test organism. For example, a sediment with an IW concentration equal to the wateronly LC50 concentration for the test organism would have 1.0 IW toxic units (IWTU). Thus, if IW is the principal source of metal exposure and availability of metals is the same in wateronly tests and IWs of sediment tests, 50% mortality would be expected with sediments having 1.0 IWTU. Calculation of IWTUs was based solely on detectable metal concentrations, both as dissolved and hexavalent Cr.
RESULTS AND DISCUSSION
Water-only tests
Toxicity tests were conducted with amphipods in which exposure to Cr occurred solely via the water column. This was done in order to establish their response to Cr toxicity in the absence of any solid phase. Water-borne exposure to Cr as Cr(VI) resulted in a typical dose-response relationship ( Table  2) . Concentrations of Cr were below instrumental detection limits (35-50 g/L by ICP-AES) in the control exposures. Measured concentrations of Cr were consistent within replicates, sampling dates, and fractions: Relative standard deviations were generally 2 to 3% and were less than 5% for all treatments. Dissolved Cr concentrations were about 11% less than nominal concentrations, and Cr(VI) comprised 93 to 96% of dissolved Cr in all treatments except the controls. Chromium(III), calculated as the difference between dissolved and Cr(VI), apparently comprised 4 to 7% of dissolved Cr, but this was most likely an artifact of the coprecipitation separation procedure [e.g., due to adsorption or holdup of Cr(VI) on the filter]. Calculated 10-d LC50s were 2,224, 1,980, and 1,854 g Cr/L based on nominal, dissolved, and hexavalent concentrations, respectively.
Attempts to expose amphipods to Cr(III) in water-only tests were made difficult by the low solubility of Cr(III) at neutral pH. After neutralization of the seawater solutions following addition of Cr stock solutions, significant quantities of Cr(OH) 3 precipitate settled on the bottoms of exposure chambers. The precipitate seemed to have little impact on amphipods, however, as they formed tubes from and ingested the precipitate. Table 2) . Concentrations of particulate Cr were elevated, but no significant concentrations of dissolved Cr were found in any of the treatments or controls. The ranges of total Cr concentrations (100-230 g/ L) were similar at the start and end of the experiment, whereas concentrations of dissolved Cr were below detection limits (10 g/L by GFAA) in 9 of 14 samples on day 1 and 12 of 14 samples on day 9. Mean amphipod mortality ranged from 5 to 35%. As in the preliminary test, mortality in the controls was similar to that in the treatments with the highest Cr concentrations.
Because of the relatively high control mortality (25%) and the suggestion of a dose-dependent response in the CrCl 3 test, a water-only test using a control and just one exposure at the highest nominal Cr concentration (100,000 g/L) of the previous tests was repeated. In that test, mortality was both low and similar in the control and the high Cr treatment ( Table 2 ). The combined results from the Cr(VI) test and the several Cr(III) tests demonstrate that Cr(III) is largely insoluble and, as a result, relatively nontoxic in seawater, whereas Cr(VI) is both very soluble and much more toxic.
Sediment chemistry
Despite widely differing characteristics (particle size distribution, organic carbon content, AVS) of the LIS and NIN sediments, the solid phase chemistry of Cr and AVS was very similar in 10-d amphipod tests for both sediments (Table 3) . In LIS treatments, concentrations of Cr in the SEM fraction were substantially less than total Cr in the control and low Cr: AVS sediments. The proportion increased up to 100% or more with an increased level of spiking in treatments with Cr:AVS greater than two and in the high Cr(III) treatment. This trend results because a portion of the Cr in marine sediments is present as the mineral chromite (FeCr 2 O 4 ), which is resistant to dissolution without digestion using hydrofluoric acid [29] , whereas the precipitated Cr(OH) 3 is readily soluble in acid. As the amount of Cr added to the sediment increased, so did the proportion in extractable, nonmineral phases. The NIN sediment was almost entirely sand, which does not contain chromite, and therefore essentially all the Cr present was acidrecoverable.
Acid-volatile sulfide concentrations in samples collected on day 0 reflect the initial oxidation by Cr(VI) ( Table 3 and Fig.  1 ). Concentrations of AVS in both sediments decreased to approximately 0 with increasing additions of Cr(VI) (instrumental detection limits were approximately 0.1 mole AVS/ g dry sediment, but because of carryover effects in the analyses, method detection limits were closer to 0.5 to 0.6 mol/ g). Addition of a large amount of Cr(III) appeared to lower the concentration of AVS in LIS sediment. However, we should note that AVS was artifactually greater in the control sediment of the Cr(III)-spiking experiment than in controls of other experiments using LIS sediment. The reason for the elevated AVS in this one sediment is not known, but likely resulted from manipulation of the sediment prior to the test.
It is important to note that although total Cr in the SEM fraction increased proportionally with added Cr(VI), the concentration of Cr(VI) in SEM did not. Chromium(VI) was not detected in the SEM fraction of any sediments where AVS concentrations were significantly Ͼ0 (t test, ␣ ϭ 0.01), indicating that the added Cr(VI) was entirely reduced by AVS to Cr(III) in these sediments (Table 3 and Fig. 1 ). Only in sediments where AVS concentrations were essentially 0 was Cr(VI) detected in the SEM fraction. Furthermore, the fraction of SEM Cr present as Cr(VI) increased in higher level treatments. The chemical measurements also showed temporal changes occurring during the 10-d tests. In treatments with excess Cr(VI), concentrations of total Cr and Cr(VI) in the SEM fraction decreased from day 0 to day 10. The AVS concentrations generally decreased slightly or remained the same in LIS sediments; in NIN treatments where the added Cr(VI) did not exceed the initial concentration of AVS (SEM: AVS Շ2.0), AVS concentrations actually increased during the test as they did in the LIS 2.15ϫ treatment (Table 3 and Fig. 1 ), reflecting microbial sulfate reduction during the course of the test.
Comparison of the results of IW and AVS analyses reflects geochemical relationships similar to those suggested by the solid phase results (Table 3 and Fig. 2 ). In both LIS and NIN sediments, whenever AVS was greater than 0.6 mol/g, concentrations of Cr in IW were near or below instrumental detection limits (Ͻ10 g/L). This was true even in the LIS sediment spiked with over 20,000 g Cr/g sediment: AVS concentrations were roughly 5 mol/g, and Cr was not detected in either the IW or overlying waters. Conversely, concentrations of Cr in IWs of sediments with AVS concentrations Յ0.6 mol/g ranged from 70,000 to greater than 800,000 g Cr/L. Furthermore, greater than 90% of the Cr present in those samples was in hexavalent form. Only in the IW sample from the NIN 2.15ϫ treatment was dissolved Cr but not Cr(VI) found, and this result was most likely caused by the transition from oxic to anoxic conditions. At the beginning of the test, the slight excess of Cr(VI) resulted in dissolved Cr(VI) diffusing into the IW sampler. After a few days, excess Cr(VI) was flushed from the exposure chambers, allowing subsurface sediments to become anoxic for the remainder of the experiment, reducing Cr(VI) in the IW sampler to insoluble Cr(III). Because the water within the diffusion samplers was collected and analyzed for total, and apparently dissolved, Cr, the small amount of Cr(III) in the sample gave an apparent dissolved concentration of almost 1,500 g Cr/L. No Cr(VI) was apparent in this sample, however, as Cr(III) was removed by the coprecipitation procedure. Reanalysis of the sample from the diffusion sampler after filtering gave a total Cr concentration of about 50 g/L, indicating that the apparent Cr was in fact particulate within the diffusion sampler. Other than iron and manganese in sediments where AVS was present, no metals were detected in IWs, even in sediments where AVS decreased below SEM concentrations.
Analyses of Cr in waters overlying the sediments were consistent with the IW results (Table 3 ). Concentrations were below detection limit (40 g/L) in all but the two highest treatments of the Cr(VI) exposures in both sediments. In waters overlying those treatments (4.64ϫ and 10ϫ), Cr(VI) initially comprised 75 to 100% of dissolved Cr. Concentrations subsequently decreased roughly 50 to 85% during the course of the test, because Cr was flushed out of the chambers and only slowly replaced by Cr(VI) diffusing from the IW of surface sediments. Concentrations in the overlying waters were three orders of magnitude lower than in IWs. These concentrations were sufficiently small relative to LC50s determined in the water-only tests (the highest found was less than 0.3 toxic units) that they were unlikely to result in acute toxicity. As with IWs, no other dissolved metals were detected in the overlying water.
Geochemical cycling of Cr
Studies by many researchers have provided a generalized model of the cycling of Cr between redox states in various aquatic soils/sediments and their IWs and overlying waters [12, [30] [31] [32] . This model is characterized by the relative stability of Cr(VI) in overlying waters, particularly in marine waters, and rapid removal of Cr(III) through precipitation of the insoluble hydroxide and adsorption onto particulate matter. In freshwater systems with elevated dissolved organic carbon concentrations, such as in wetland soils and waters, a considerable amount of Cr(III) may be organically complexed, which slows the rate of removal. In some circumstances Cr(III) may be oxidized to Cr(VI) by Fe/Mn-rich films on the air-water interface where reduced Mn(II) and Fe(II) diffused from sediments into oxic overlying water [12] .
In sediments and soils, the reactivities of Cr(III) and Cr(VI) are somewhat reversed. Chromium(III) may be oxidized to Cr(VI) in soils or sediments with high concentrations of MnO 2 and low organic content (e.g., mining areas with oxidizing sediments), apparently by oxidation at MnO 2 surfaces [31] . Similar oxidation by resuspended sediments rich in manganese oxides has also been postulated as the cause for relatively higher concentrations of Cr(VI) in deep ocean seawater relative to seawater overlying reduced coastal sediments [33] . If organic content is elevated, however, Cr(III) is not oxidized, even in highly oxidizing sediments [12, 30] . On the other hand, Cr(VI) is reduced to Cr(III) and almost completely removed from solution in even moderately oxidizing sediments (redox potential E h Ͻ 300 mV). In more reducing sediments (E h Ͻ 200 mV), the reduction is significantly more rapid due to reaction with ferrous ion Fe(II). In such reduced sediments, very high partitioning constants indicate that almost all Cr is bound to the sediment, presumably as Cr(III), with very little mobile in IWs [32] . In wetland sediments, very often much of the dissolved Cr is organically complexed Cr(III) [34] . Once the reductive capacity of soils or sediments is exceeded, concentrations of dissolved Cr(VI) increase sharply and remain stable.
Although the reductive capacity of sediments is generally pro- portional to organic content, the primary reductant is more likely Fe(II) or, in sulfidic sediments, sulfide. The geochemical distributions found in our marine sediments amended with Cr(VI) and Cr(III) reflect this model. Although the sediments had differing characteristics such as silt/clay and organic contents, they were both reducing sediments, as evidenced by the presence of AVS. Chromium(III) added to these sediments in massive quantities was essentially inert to redox transformation: No Cr(VI) was evident in sediments, IWs, or overlying waters throughout the experiment, as was the case with organic-rich peat soils and wetland sediments. Chromium(VI) added to the sediments was reduced completely and rapidly (Ͻ1 d), regardless of the amount added, up to the reductive capacity of the sediments (ഠ2 ϫ AVS; similar Cr:AVS stoichiometries-between 1.8 and 2.1-were observed when either sediment was spiked with Cr(VI) as well as in a preliminary spiking experiment). No significant amount of Cr was evident in either IWs or overlying waters, indicating that Cr(III) complexed by dissolved organic carbon was not significant in these sediments. Once the capacity of the AVS was exceeded, very high concentrations of Cr, almost entirely Cr(VI), were evident in IWs and overlying waters. Concentrations of Cr in overlying waters decreased throughout the experiment and remained primarily Cr(VI). These geochemical controls on the concentrations and redox speciation of Cr in sediments constrain exposure and consequent biological effects of the Cr on benthic organisms, such as the amphipods used in these tests.
Amphipod mortality in relation to sediment and pore water Cr
Although amphipod mortality increased at the highest concentrations of spiked Cr in each sediment, the relationship between mortality and Cr concentration was sediment-specific (Table 3 and Fig. 3 ). There was no mortality in LIS sediments at concentrations of Cr that produced 100% mortality in NIN sediments. However, there was a consistent pattern of mortality related to AVS (Table 3 and Fig. 4 ). There was no significant mortality of A. abdita in sediments where AVS concentrations were significantly greater than 0. At the same time, mortality was high in sediments where AVS Յ 0.6 mol/g. This relationship held regardless of the sediment, the concentration of Cr, or the chemical form of Cr added to the sediment. This same relationship has been observed in sediments contaminated with silver [17] .
Given these results and the relationship between AVS and Cr concentration in IW noted previously, it is not surprising to find a similar pattern of mortality based on IW chemistry. The biological response to Cr concentrations in IWs was consistent between sediments, despite substantial differences in grain size distribution and total organic carbon concentration (Tables 1 and 3 and Fig. 4) , and also consistent with the response in water-only exposures. When concentrations of Cr in IWs were less than a toxic unit (1,980 g dissolved Cr/L, 1,854 g Cr(VI)/L), no significant toxicity was observed. Significant mortality did occur in the two highest treatments with each sediment, where Cr concentrations in IWs reached 38 toxic units or higher. When Cr was present in IWs, greater than 90% existed in the toxic Cr(VI) form in all but one sample. As noted earlier, IW in the NIN 2.15ϫ treatment had an apparent Cr concentration of 1,500 g/L, but no Cr(VI) was detected. The absence of Cr(VI) was confirmed by the lack of mortality in that treatment. It can be noted that the toxicity of Cr in IWs of both 4.64ϫ treatment sediments was somewhat reduced compared with the water-only tests. This phenomenon has also been seen in previous experiments with metals such as cadmium, copper, nickel, silver, and zinc, and is attributed to reduced bioavailability in IWs due to binding with dissolved organic carbon [17, 19] .
Laboratory tests with field sediments
The Shipyard Creek sediments were collected from several zones adjacent to an industrial site with substantial Cr(VI) contamination of soil and groundwater. The salinity in the creek at the time of collection varied from 18.3 to 22.2 ppt [21] . Characteristics of the sediments were generally within the range of the NIN and LIS sediments used for spiked sediment experiments (Table 4 ). The fine-grained sediments from Shipyard Creek (zones A and C, Rathall Creek) were similar to LIS, whereas NIN sediment was much sandier than the coarser sediments at Shipyard Creek (zone B, Foster Creek). Organic carbon concentrations were somewhat higher in Shipyard Creek sediments than in NIN or LIS. Concentrations of total Cr in Shipyard Creek sediments were also within the range of those in spiked sediments. The proportion of total chromium found in the SEM fraction (11-42% of total), however, was much lower than in the spiked sediments. This most likely reflects the higher mineral (e.g., chromite) content in the aged field sediments compared with the freshly spiked laboratory sediments. The relationship between geochemical fractions and amphipod mortality in the field sediments was similar to that found with spiked sediments. The AVS was measured at concentrations well above detection limits in all sediments, and despite some exceptionally high concentrations of total Cr (Ͼ3,000 g Cr/g), only traces of Cr(VI) were detected (Ͻ4 g/g) in sediments, and these concentrations were likely artifacts of the Cr(III)/Cr(VI) separation technique. No metals, including Cr(VI), were detected in IWs of any of the sediments, which we would expect given the large excess of AVS over SEM measured in all of the sediments (Table 4) . These results are almost identical to those obtained with sediments from a wetland adjacent to an electroplating facility that were subject to high levels of chromium contamination via surface runoff and shallow groundwater [32] . Although sediment concentrations in that study ranged up to 50,000 g Cr/g, concentrations of Cr in IWs were low (13-406 g/L) and no Cr(VI) was detected. Not surprisingly, despite concentrations of Cr exceeding 1,700 to 3,000 g/g in some Shipyard Creek sediments, amphipod mortality in those sediments (5-25%) was no greater than in sediments from reference sites (5-20%) or a LIS control sediment run in conjunction with them (5-15%; Fig. 5a ).
Laboratory results in relation to sediment quality guideline concentrations and concentrations found in the field
Several empirical approaches have been used to associate the potential for adverse biological effects from sediments with measured concentrations of chemicals in those sediments and thereby develop numerical sediment quality guidelines. For example, the effect range low (ERL) and effect range median (ERM) guidelines represent concentrations below which toxicity rarely occurs and above which effects are likely, respectively [35] . Alternatively, logistic regression models estimate the probability of observing toxic effects over a range of concentrations for particular toxicity test end points [2] . With any of these approaches, associative data may be used to predict the presence or absence of adverse effects of sediment-associated contaminants to sediment-dwelling organisms, but cannot establish direct cause-and-effect relationships.
Comparison of various proposed sediment quality guidelines with Cr concentrations in our laboratory-spiked and field sediments predicts that most of them would be toxic. Other than those from controls and reference sites, most sediments in these experiments exceeded the 90th percentile of the National Sediment Inventory database (82-86 ppm), with many (seven of 16 laboratory-spiked and three of seven field sediments) above the 99th percentile (340-370 ppm) [1] . Clearly, Environ. Toxicol. Chem. 23, 2004 W.J. Berry et al. these sediments are representative of some of the worst Cr contamination encountered in the coastal environment. For illustration, results of amphipod toxicity tests using laboratory-spiked and field sediments are shown in Figures 3 and 5b, respectively. From one perspective, the ERLs and ERMs functioned as they were intended, especially for the Cr(VI)-spiked sediments, although the dry weight measures do not take into account the sediment specificity of the doseresponse to Cr(VI) (Fig. 3) . As would be expected based on the definition of ERLs, no toxicity was observed in Cr(VI)-spiked sediments with concentrations below the ERL for Cr (81 g/g). Above the ERM (370 g/g), 50% of the Cr(VI)-spiked sediments were toxic, and in between the ERL and the ERM, 40% of the sediments were toxic.
However, the ERL and ERM seem to be overly conservative in their predictions of the toxicity of sediments in which Cr is present as Cr(III) (Figs. 3 and 5b) . When the Cr(VI)-spiked, Cr(III)-spiked, and field data are combined, none of the sediments with Cr concentrations below the ERL were toxic, and only 12.5% of the sediments above the ERM were toxic. Several sediments with dry weight Cr concentrations almost an order of magnitude greater than the ERM were not toxic.
The AVS-based guideline was successful at predicting the absence of toxicity. None of the sediments in which AVS was present were toxic, as predicted. Although the AVS-based guideline is intended primarily to predict the absence of toxicity, in this case it was also successful at suggesting potential toxicity. In this study, all of the sediments in which AVS concentrations were not significantly different from zero did in fact exhibit toxicity.
Logistic regression models for many chemicals of potential concern have been developed to predict the probability of toxicity based on 10-d survival tests with marine amphipods [2] . Applying the model to chemical concentrations measured in the laboratory-spiked and field sediments of this study, the probabilities of observing toxicity in the sediments can be calculated. In most of our laboratory-spiked and field sediments, Cr was the contaminant resulting in the greatest predicted risk of toxicity, so the P max method [2] was used to compare the logistic model approach with the AVS approach. The model predicts increasing probability of toxicity with increasing Cr concentrations, but comparison between predicted and observed results shows no consistent pattern among laboratory-spiked and field sediments (Table 5 ). Where the probability of toxicity predicted by the model is low (Ͻ25%) or moderately low (25-50%), agreement is reasonably good, as only two of 10 sediments were toxic to amphipods. The model deviated sharply from observed results when higher probabilities of toxicity are predicted. Although two of five sediments with moderately high (50-75%) probabilities of toxicity predicted were toxic, only two of eight sediments for which probabilities were high actually exhibited toxicity. When the predictions of the logistic model are compared with just the field sediments, it does equally well in predicting lack of toxicity but less well predicting toxicity, because none of the field sediments actually were toxic when tested. This is consistent with previous work that has shown that predictive models based on associative rather than mechanistic relationships are less likely to predict toxic effects of metals in sediments accurately where one or two chemicals are primarily causing the toxicity.
Limitations of the Cr hypothesis
For the Cr hypothesis to work, Cr(III) must not be toxic in IW; however, many studies have reported on the toxic effects of Cr(III). Both the United States and Canada have water quality criteria for Cr(III), although the criteria for Cr(III) are much higher than those for Cr(VI) [3, 36] . Confounding factors in many of the tests used to develop the criteria, such as pH values outside of the tolerance level of test organisms [37] or reported LC50s orders of magnitude above limits of solubility for Cr(III) [38] , make interpretation of the results of these tests difficult. Nonetheless, some of the tests used to develop the criteria demonstrate biological effects of Cr(III) at environmentally reasonable pH values and within limits of solubility (e.g., Stevens and Chapman [39] showed chronic effects of Cr(III) on salmonid larvae).
Several recent studies have also shown biological effects due to Cr(III), including DNA damage and other sublethal effects associated with exposure to sediments from some of the same field sites from which our field sediments were collected [21] , reduced growth of Cyanobacteria [14] , and reduction in population growth rate of polychaetes [40] . Last, Besser et al. [41] report reduced survival of the amphipod Hyalella azteca after 28 d in water-only exposures to Cr(III) at concentrations below solubility limits at a range of environmentally reasonable pH. All of these reported effects are either sublethal or occurred after 10 d, so none of them would be expected to occur in our assays.
Chromium(VI) must also not be present in sediments when AVS is present for the Cr hypothesis to be valid. Our experiments with laboratory-spiked and field sediments support this, as do, for the most part, the freshwater sediment experiments of Besser et al. [41] . However, in one sediment in the Besser et al. [41] experiments, Cr was present in IW in biologically significant quantities, although a measurable amount of AVS was present in the sediment. It is possible that much of the Cr in the IWs was Cr(III) complexed with dissolved organic compounds [34] ; the analytical scheme employed would not differentiate such species from Cr(VI).
Another important fact to consider when applying the Cr hypothesis is that benthic animals, particularly tube and burrow dwellers such as A. abdita, modify the sediment around them by irrigation of their tubes and burrows, leading to changes in the sediment environment, and particularly in the redox condition of sediments near the animal [42] . Thus, bulk sediment might have measurable AVS, whereas Cr(VI) might be present in oxic microenvironments within the sediment. The geochemistry of Cr argues against this, however, because direct oxidation of Cr(III) to Cr(VI) by dissolved oxygen is slow [11] ; significant oxidation of Cr(III) to Cr(VI) occurs only in soils and sediments with elevated concentrations of manganese oxides and low organic content, conditions under which AVS would not be formed [12, 30] ; and Cr(III) is very slow to react even in environments where it is thermodynamically unstable [13] .
One other nonequilibrium situation where the Cr hypothesis might not hold is movement of Cr(VI) in ground water through sediments, perhaps due to rain falling on tailings piled next to a stream. Such conditions could make the sediments toxic temporarily, whereas a sediment sample taken subsequently, when there was insignificant Cr(VI) in the groundwater, might have measurable AVS, and therefore not exhibit toxicity due to Cr. In our experiments, AVS decreased rapidly following the addition of Cr(VI), but in several treatments was regenerated after the excess Cr(VI) was flushed from the system (Table 3) . Under these conditions, both chemical and toxicity testing might not adequately describe field sediment conditions, and benthic community analysis or long-term or temporally targeted IW monitoring might be needed in order to accurately predict effects due to Cr in sediments.
CONCLUSION
Our results were consistent with the Cr hypothesis. They indicated that sediments with measurable amounts of AVS will not have toxicologically significant concentrations of Cr in the IW, and the sediments will not be acutely toxic due to Cr. Therefore, if measured sediment chemistry is being used as part of a sediment assessment, the presence of measurable AVS could be used to rule out Cr as the cause of observed acute toxicity. The Cr hypothesis can also serve as a foundation for a theoretically derived sediment guideline for Cr. Mechanistically based guidelines (e.g., EqP) allow bioavailability interactions to be factored into consideration of likelihood of effects. Although empirical guidelines such as ERM were moderately successful at predicting toxic effects due to Cr, the AVS approach correctly predicted the presence or absence of effects in all sediments tested, laboratory-spiked and field.
